The electron velocity distribution function is measured for the EϫB ͑azimuthal͒ direction in a cylindrically symmetric, planar, sputtering magnetron discharge as a function of height above the cathode. Near the cathode, the distribution function is approximately a warm Maxwellian (T e Ϸ2 eV) shifted in the EϫB direction, indicating a strong azimuthal drift. Farther above the cathode, the distribution function is characterized by a cold (T e Ϸ0.5 eV), Maxwellian bulk with energetic, asymmetric tails.
I. INTRODUCTION
In a magnetron discharge, crossed electric and magnetic fields, E and B, respectively, confine electrons in closed E ϫB drift loops near a negatively biased cathode target. 1, 2 Here, E is provided by the plasma sheath and presheath while B is produced either by permanent magnets or currentcarrying coils. The confined electrons ionize neutral gas atoms, creating a region of intense ionization adjacent to the cathode. Ions born in the electron trap region are then accelerated by the plasma sheath to the cathode target ͑ions are essentially unmagnetized͒, and impact there with several hundred electron volts of energy, sputtering atoms from the target and causing secondary electron emission. The secondary electrons are accelerated back into the magnetic trap region, helping to sustain the discharge. 2 The presence of an electron EϫB drift has been inferred experimentally in several ways: through the difference in current collected by one-sided Langmuir probes, 3 by changes in the magnetic field above the discharge, 4 and from the distortion of cylindrical probe characteristics. 5 An azimuthal electron drift has also been observed in Monte Carlo simulations of electron orbits.
2 Though these observation confirm that an EϫB drift is present, they suffer from the deficiencies that they are indirect, and that they do not provide details about the electron distribution function.
In this article, we use a one-sided, planar Langmuir probe 6 to directly measure the electron velocity distribution function in the EϫB ͑azimuthal͒ direction in a cylindrically symmetric, planar magnetron. We find a strong electron drift near the top of the magnetic trap, while outside the trap the distribution function is seen to have cold Maxwellian and energetic tail components. In Sec. II, the magnetron and diagnostics are described, and results are presented and discussed in Sec. III. Conclusions are given in Sec. IV.
II. APPARATUS
Measurements were made for a cylindrically symmetric, planar magnetron ͑76.2-mm-diam cathode͒ that has been described elsewhere. 7 The magnetic field ͓Fig. 1͑a͔͒ is dominated by the dipole moment of an outer magnetic ring, so that field lines above the magnetic trap region are predominantly in the axial direction. This magnetic configuration is classified as a type II unbalanced magnetron, 8 so that the dominant electron losses are axial rather than radial. The magnetic field in this device is tangential to the cathode at a radius rϭ17 mm ͓B r ϭ245 G, Fig. 1͑b͔͒ , and this is where the etch track is deepest.
For the measurements reported here, we use a one-sided planar Langmuir probe 6 ͑3.4-mm-diam͒ to deduce the reduced electron velocity distribution function g( ) in the azimuthal direction. At any point in space the electron distribution function f depends on three orthogonal velocity components, i.e., f ϭ f ( r , , z ), where (r,,z) represents three locally orthogonal directions rather than a global coordinate system. Using a planar probe we measure the currentvoltage characteristic in the azimuthal direction ͑i.e., ͒ and thereby determine the dependence of the distribution function. In other words, f ( r , , z ) is reduced to g( ) by integrating over the two directions orthogonal to the probe face, i.e., r and z, giving
The positive-and negative-velocity halves of g( ) are found by measuring the current-voltage characteristic in antiparallel directions, where g( ) is recovered from the first derivative of the probe characteristics ͑for more details see Ref.
6͒. The ''first derivative'' method outlined above makes fewer assumptions about the distribution function than other analysis techniques. For example, in the most common procedure a distribution function is assumed ͑usually, a stationary Maxwellian͒ and plasma parameters are found by fitting a predicted characteristic to the probe data. 5 While, if the ''second derivative'' method is used to measure the electron energy distribution function, isotropy is assumed. Such as- sumptions make sense at high pressures where the electron mean-free path is short. However, they are not justified in low-pressure, anisotropic discharges such as the sputtering magnetron.
Once the reduced distribution function g( ) has been determined, moments can be computed: 6 including the electron density n e , the azimuthal drift velocity ͗ ͘, and the average electron energy, 1/2m͗ 2 ͘. The azimuthal current density is J ϭen e ͗ ͘. When the distribution function is non-Maxwellian, as will be the case here, the average random energy can be related to an ''effective temperature'' by
III. RESULTS
A copper cathode was used with Ar gas at a pressure of 1.0 Pa. The discharge voltage was Ϫ400 V dc, and the discharge current was 51 mA, giving a current density at the cathode of Ϸ46 A/m 2 . Measurements were made in the azimuthal direction at a radius rϭ17 mm ͑above the deepest part of the etch track͒ and for six heights above the cathode zϭ15, 20, 25, 30, 35, and 40 mm, as shown in Fig. 1͑a͒ . Unfortunately, it was not possible to make measurements nearer the cathode, as the presence of the probe caused a large decrease in the discharge current. ͑This observation agrees qualitatively with Monte Carlo simulations 2 showing that the trap region extends Ϸ10 mm above the cathode.͒ Note in Fig. 1 that rϭ17 mm, zϭ15 mm is almost on the magnetic ''separatrix,'' i.e., for zՇ15 mm, magnetic-field lines begin and end on the cathode, giving a rough indication of the trap region, while for zտ15 mm, magnetic-field lines connect the cathode to the anode, allowing energetic electrons to escape axially. 6 The measured electron velocity distribution functions g( ) are shown in Fig. 2 , where positive velocities are in the EϫB drift direction and the vertical axis is logarithmic to bring out detail in the tails. A shifted-Maxwellian curve is used to interpolate the distribution function 6 around ϭ0. The most striking feature of the distribution function nearest the cathode (zϭ15 mm) is a clear drift in the EϫB direction. Here, the distribution function consists of a warm Maxwellian (TϷ1.9 eV) shifted in the positive direction by the EϫB drift. The distribution function is asymmetric about its peak, with a small tail in the negative-velocity direction that may be due to backscattered electrons. The drift velocity of the distribution found from fitting the shifted Maxwellian is 6.0ϫ10 5 m/s, while that found by integrated g is ͗ ͘
ϭ5.2ϫ10 5 m/s, which is slightly smaller due to the negative-velocity tail. If we assume that E is in the z direction, then the magnitude of the EϫB drift in the direction is E z /B r where B r Ϸ0.0040 T ͓Fig. 1͑b͔͒ implying E z Ϸ24 V/cm. For comparison, using a cylindrical probe 5 at r ϭ19 mm and zϭ13 mm and for a lesser pressure of 0.42 Pa, a drift velocity of 1.34ϫ10 6 m/s was inferred, indicating that the drift velocity may increase as the pressure decreases. Such an increase has also been inferred 4 from changes in the magnetic field above the cathode, and would seem to indicate that the electric field increases ͑i.e., the sheath grows͒ as the pressure decreases.
For zу20 mm, g( ) consists of a cold, stationary Maxwellian (TϷ0.5 eV) with nearly rectangular tails ͑Fig. 2͒. Here, the cold population most likely consists of electrons trapped in the ''axial'' plasma potential well, as has previously been seen for measurements in the z direction. 6 The distribution function falls off rapidly above ͉ ͉Ϸ2 ϫ10 6 m/s due to the removal of high-energy electrons above the inelastic threshold 9 for Ar ͑11.55 eV or 2.04ϫ10 6 m/s͒. Rectangular tails such as those seen here are consistent with approximately monoenergetic electrons having an isotropic velocity distribution after ''reduction'' using Eq. ͑1͒. 10, 11 It may be that these electrons are scattered elastically out of the main axial flow 6 -the scattering cross section in Ar is largest at Ϸ10 eV, while the electron distribution function is cutoff above the inelastic threshold so that electrons with energies just below that threshold should be scattered preferentially. The shoulder on the EϫB side of the distribution is always higher than that on the opposing side, giving a small residual EϫB drift. For larger values of z the asymmetry seen in the tails of the distribution may be due to energetic electrons scattered out of the trap since elastic scattering is predominantly forward.
Both the total and bulk electron densities decrease sharply outside the trap region, and become nearly constant for zу20 mm as shown in Fig. 3͑a͒ . Here, the bulk density is found from the fitted Maxwellian ͑i.e., without the tails͒, while the total density is found by integrating g. The total density is only slightly greater than the bulk density, as the fraction of tail electrons is quite small. The value of n e found at zϭ25 mm is in good agreement with that calculated 6 from the axial reduced distribution function g( z ) at the nearby position rϭ15 mm, zϭ25 mm, indicating that the measurement is internally consistent. ͑The total density should be the same irrespective of the direction for which g is measured.͒ The average azimuthal drift velocity ͓Fig. 3͑b͔͒ is largest near the cathode, due to the strong asymmetry in g-only for zϭ15 mm is the peak of the fitted Maxwellian shifted appreciably from zero. For zу20 mm, the small drift velocity is due to the asymmetry of the tails, rather than to a shift of the bulk. FIG. 3 . Axial dependence of the ͑a͒ electron density n e , ͑b͒ average azimuthal velocity ͗ ͘, ͑c͒ azimuthal current density J , and ͑d͒ the electron temperature. Here, n total is the total electron density computed by integrating g( ), n bulk is the density of the fitted Maxwellian component, T eff is the effective temperature found from the second moment of the distribution function, and T bulk is the temperature of the fitted Maxwellian.
The azimuthal current density J ͓Fig. 3͑c͔͒ is the product of the electron density and the azimuthal drift velocity, and so is quite large nearest the cathode since both the electron density and the drift velocity are greatest there. The azimuthal current density then decays rapidly with z as both the density and drift velocity decrease outside of the magnetic trap region and J becomes approximately constant far above the cathode. For zϭ15 mm, J is Ϸ10 times larger then the average current density to the cathode, while farther from the cathode the two quantities are comparable.
The effective electron ''temperature'' T eff is computed from the second moment of g and is, therefore, sensitive to the tails of the distribution, while the bulk temperature T bulk is found from the fitted Maxwellian. ͑Previously, 12 two electron temperatures were observed using a cylindrical Langmuir probe.͒ Hence, T eff decreases rapidly just above the magnetic trap, and then becomes nearly constant for z у25 mm, as shown in Fig. 3͑d͒ . The bulk electron temperature determined from the fitted Maxwellian has an approximately constant value of 0.5 eV above the trap, while only the point nearest the trap has a much higher temperature.
IV. CONCLUSIONS
We have found that the electron velocity distribution function in the azimuthal direction in a low-pressure magnetron discharge is neither Maxwellian nor isotropic. Near the magnetic trap, the distribution function is approximately a warm Maxwellian drifting in the EϫB direction, while farther above the trap we find a cold Maxwellian bulk with asymmetric rectangular tails. These measurements provide direct evidence for the EϫB electron drift as well as detailed information about the morphology of the distribution function in the azimuthal direction.
These results also have implications for the interpretation of cylindrical Langmuir probe characteristics. In particular, the probe characteristics for a drifting distribution function may be misinterpreted as a stationary distribution with an erroneously high electron temperature. 5 It has previously been reported that the electron temperature increases as pressure decreases, 13 approaching values as high as 20 eV in the trap region. However, at least part of this apparent increase in temperature may be due to an increasing drift velocity.
Finally, the EϫB electron drift increases the ionization rate above that due to a stationary Maxwellian of the same temperature by raising the average electron energy, especially closer to the cathode, where both the electric and magnetic fields are larger. This effect may contribute significantly to the overall ionization rate in certain regimes.
